Materials

4,4'-Dimethoxytrityl chloride, triethylamine and 2-cyanoethyl N,N-diisopropylchloro
phosphoramidite were received from Wako Chemicals and used without further purification. Trimethylene glycol and N,N-diisopropylethylamine was purchased from Nacalai and used as received. Diethylene glycol and triethylene glycol was purchased from Aldrich and used as received. Tetraethylene glycol and 1,8-octanediol was purchased from TCI and used as received. All other chemicals and solvents were purchased from Sigma-Aldrich Chemicals Co., Wako Pure Chemical Ind. Ltd., TCI, or Kanto Chemical Co. Inc. and used without further purification and synthetic oligonucleotides were obtained from Sigma Genosys. Water was deionized (specific resistance of > 18.0 MW cm at 25 o C) by a Milli-Q system (Millipore Corp.).
Methods
NMR spectra were obtained on a JEOL JNM ECA-600 spectrometer operating at 600
MHz for 1 H NMR and 150 MHz for 13 C NMR in CDCl 3 unless otherwise noted. Flash column chromatography was performed employing Silica Gel 60 (70-230 mesh, Merck Chemicals). Silica-gel preparative thin-layer chromatography (PTLC) was performed using plates from Silica gel 70 PF 254 (Wako Pure Chemical Ind. Ltd.). Enantiomeric excess (ee) determinations were performed by HPLC analysis (Chiralcel OD-H) using UV-detection. DNA concentrations were measured by Nanodrop ND-1000 spectrophotometer. Rotary mixing of reaction suspension was performed by
Intelli-Mixer RM-2 (Elmi).
Synthetic routes for triethylene glycol linkers
Scheme S1. Reagents and conditions: (a) 0.5 equiv of DMTrCl, 0.7 equiv of Et 3 N, catalytic amount of DMAP, CH 2 Cl 2 , rt, 6 h, 32% yield (n=2); (b) 2.0 equiv of N,N-diisopropylchlorophosphoramidite 3.0 equiv of iPr 2 NEt, DCM, rt, 1h. This product was used in the subsequent step without further purification.
E linker 2-(2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethoxy)ethoxy)ethan-1-ol(2) To a triethylene glycol (3.0 g, 20 mmol ), which was azeotoropically distilled with 20 ml of toluene, in dichloromethane (20 mL), Et 3 N (2.0 ml, 14 mmol), and N,N-dimethyl-4-aminopyridine (24.4 mg, 0.20 mmol) was slowly added dimethoxytrityl chloride (3.39 g, 10 mmol) in dichloromethane (15 mL) by dropping funnel over 2 hours and the resulting mixture was stirred for 6 hours at RT. The mixture was evaporated and purified by column chromatography with EtOAc:Hexane = 1:1 to afford a yellow oil (1.65 g, 18% yield).
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Synthetic routes for alkyl linkers
Scheme S2. Reagents and conditions: (a) 0.5 equiv of DMTrCl, 0.7 equiv of Et 3 N, catalytic amount of DMAP, CH 2 Cl 2 , rt, for a day, 76% yield (n=3), 40% yield (n=8); (b) 2.0 equiv of N,N-diisopropylchlorophosphoramidite 3.0 equiv of iPr 2 NEt, DCM, rt, 1h. This product was used in the subsequent step without further purification.
3-(bis(4-methoxyphenyl)(phenyl)methoxy)propan-1-ol(4) To a trimethyleneglycol (0.73 mL, 10 mmol) in dichloromethane (dehydrated, 10 mL), Et 3 N (0.97 mL, 7.0 mmol) and N,N-dimethyl-4-aminopyridine (12.3 mg, 0.10 mmol) was slowly added dimethoxytrityl chloride (1.70 g, 5.0 mmol) in dichloromethane (dehydrated, 7.5 mL) by dropping funnel and the resulting mixture was stirred for 19 hours at the room temperature. The mixture was evaporated and purified by column chromatography with EtOAc:hexane = 1:1 to afford a yellow oil. (1.44 g, 76 % yield) 13 C NMR (CDCl 3 ): d 158. 62, 145.06, 136.32, 130.13, 128.24, 128.00, 126.92, 113.29, 86.63, 62.57, 62.12, 55.36, 32.59 145.63, 136.95, 130.18, 128.36, 127.81, 126.68, 113.11, 85.79, 63.59, 63.22, 55.35, 32.93, 30.20, 29.59, 29.48, 26.37, 25.83 
Preparation of phosphoramidite 1~5
DMT-protected linker derivative (0.5 mmol 1.0 equiv) was dissolved in 5 mL of dry dichloromethane. N,N-diisopropylethylamine (1.5 mmol, 3.0 equiv) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (1.0 mmol, 2.0 equiv) were successively added to the solution at RT, and the reaction mixture was stirred 1 h at RT. All volatiles were then evaporated and without further purification the residue dissolved in MeCN (1.5 mL) for DNA solid synthesis.
Oligonucleotide Synthesis
ODNs were synthesized on solid supports using triethylene glycol or propyl (octyl) linker-derived phosphoramidites and commercially available O 5' -dimethoxytrityl -2'-deoxyribonucleoside O 3' -phosphoramidites. Solid-phase oligonucleotide synthesis was performed on an ABI DNA synthesizer (Applied Biosystem, Foster City, CA). The modified phosphoramidite was chemically synthesized as described above and without purification incorporated into oligonucleotide through coupling reaction for 10 minutes.
Coupling yields linker-derived phosphoramidites were equal to the ones obtained with standard phosphoramidite building blocks. Cleavage from the solid support and deprotection were accomplished with 50:50 of MeNH 2 in 40 wt. % in water and NH 3 in 28 wt. % in water at rt for 15 min and then at 65 °C for 15 min. After purification by HPLC, products were confirmed by ESI-TOFMS (Table S2) . DNA concentrations were determined by using the Nano drop ND-1000 (Nano-drop Technologies, Wilmington, DE). Table S1 . ESI-TOF-Mass data of ODNs.
Other DNA oligomers were purchased from Sigma Genosys or JBios.
DNA oligomer
Calcd. Found 
Diels-Alder reactions catalyzed by DNA metalloenzymes
The DNA-based hybrid catalyst was prepared in solution by mixing the copper complex and DNA duplex. 40 nmol of the modified oligonucleotide with intrastrand ether linker or intrastrand alkyl linker and the equivalent complementary strand were mixed and freeze dried. Subsequently, 15 µL of 2 mM Cu(NO 3 ) (30 nmol) was added to DNA oligomers in 285 µL of 20 mM MOPS buffer (pH 6.5). To conduct DNA structure annealing, the solution was kept in 70 °C in 3 min, cooled to rt, then it was kept at 5°C for 1.5 hours. After the annealing sections, substrates were added to the catalyst solution and the reaction mixture was stirred at 5 °C for 3 days or one day. The product was extracted with Et2O and removed the solvent under reduced pressure. The e.e. of the product was determined on a Daicel Chiralcel OD-H column with a solvent mixture of suitable polarity. Hexane: 2-propanol = 95:5 was used with a flow rate of 0.5 mL/min. Figure S1 . HPLC analysis of the Diels-Alder product. a) racemic mixture of 3a, b) enantioenriched 3a by supramolecular Cu(II)-dmbpy/st-DNA catalyst system c) enantioenriched 3a by DNA metalloenzyme (entry 6 in Table 3 ). a Experiments were carried out with 3.3 mM aza-chalcone, 80 mM cyclopentadiene, 0.13 mM DNA, 0.1 mM Cu(NO 3 ) 2 at 5 °C in 20 mM MOPS buffer (pH 6.5) for 3 day. The conversion and enantioselectivity were determined by chiral HPLC analysis. Results represent the average value of more than two experiments. The enantioselectivities were reproducible within ± 5%. The yields were reproducible within ± 10%.
c DNA metalloenzymes comprising three oligonucleotides were used (short strands 3' to 5'/template 5' to 3'). -.#/0 1 % 2"""""""" "-.#03&% 2"""""""" "-.#045% 2""""""""""" "-. -. #/0 1 % 2 "-. #03 &% 2 "-. #04 5% 2 "-. 60 7
-.#/0 1 % 2"""""""" "-.#03&% 2"""""""" "-.#045% 2""""""""""" "-. a Experiments were carried out with 3.3 mM aza-chalcone, 80 mM cyclopentadiene, 0.13 mM DNA (ODN6/ODN15), 0.1 mM metal complex at 5 °C in 20 mM MOPS buffer (pH 6.5) for 3 days. The conversion and enantioselectivity were determined by chiral HPLC analysis. and two complementary oligonucleotides (7-mers). Table S4 . Investigation of Cu(II)-cytosine complexes for Diels-Alder reaction.
a Experiments were carried out with 0.2 mmol of aza-chalcone, 4.8 mmol of cyclopentadiene, 3 mol% of Cu(II) complex at 5 °C in 20 mM MOPS buffer (pH 6.5) for 1 day. The product was purified by preparative thin-layer chromatography.
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! " # % * + ' ( )) )) 7 3 8 9 $ "" "" : . 4 ; < = 6 % "" "" ! " , % -)) )) > ? 4 ; < = 6 "" "" ! " # % . / ' ( )) )) 7 3 @ ; & "" "" A 0 8 9 % "" "" B . 4 ; < = 6 $ "" "" 8 -8 9 $ "" "" > ? 4 < A > 6 "" "" C D 4 ; < = 6 % "" "" E 3 4 ; < = 6 % "" "" 8 0 4 ; < = 6 % "" "" @ , 4 ; < = 6 % "" "" @ F 4 ; < = 6 % "" "" G H 4 ; < = 6 % "" "" Table S5 . Investigation of the amount of Cu(II) complexes for DNA metalloenzymes a Experiments were carried out using 3.3 mM aza-chalcone, 80 mM cyclopentadiene, 0.13 mM DNA, and Cu(NO 3 ) 2 at 5 °C in 20 mM MOPS buffer (pH 6.5) for 1 day. The conversion and enantioselectivities were determined by chiral HPLC analysis. b Results represent the average value of more than two experiments. The enantioselectivities were reproducible within ± 5%. The yields were reproducible within ± 10%. 
CD Spectroscopy
CD spectra of oligonucleotide solutions collected in 0.5-nm steps from 320 to 220 nm were measured using JASCO J-805LST Spectrometer in a 1-cm quartz cuvette. Each spectrum shown is the average of two individual scans. Figure S4 . JASCO V-650 UV/VIS spectrophotometer was used to record absorption spectra with a 0.5 nm resolution. The cuvette temperature was kept at 5 °C by JASCO PAC-743R. Samples were prepared with 5 µM of DNA oligomer (ODN6/ODN15) and 5 µM Cu(NO 3 ) 2 in 20 mM MOPS buffer (pH 6.5). 
UV-melting
Melting temperature was determined by measuring changes in absorbance at 260 nm as a function of temperature using a JASCO V-650 UV/VIS spectrophotometer. JASCO PAC-743R equipped with a high performance temperature controller and micro auto eight-cell holder. Absorbance was recorded in the forward and reverse direction at temperatures from 5 to 95 °C at a rate of 0.5 °C/min. The melting samples were denatured at 70 °C for 3 min and annealed slowly to RT then stored at 5 °C until experiments were initiated. All melting samples were prepared in a total volume of 150 µl containing 5 µM of each strand oligonucleotide, 5 µM Cu(NO 3 ) 2 , 20 mM MOPS buffer (pH 6.5) and 100 mM NaCl. 
Molecular Modeling Studies
Molecular modeling was carried out using the MOE (Molecular Operating Environment) software package. DNA duplexes containing triethylene glycol (propyl or octyl) linker were constructed and minimized with amber force field parameters, a distance-dependent dielectric constant of ε = 4r (where, r is the distance between two atoms) and convergence criteria having an RMS gradient of less than 0.001 kcal mol -1 Å.
For energy minimization water molecules were added to produce distance of 10 Å from the solute to droplet sphere boundaries and sodium counter ions were added to neutralize the system. The MM optimization of the molecular assembly of the aza-chalcone in the asymmetric Diels-Alder reaction and the DNA metalloenzyme was performed by manually docking the most stable conformer of the aza-chalcone into the DNA sequences. Because the carbonyl oxygen and pyridyl nitrogen coordinate to the copper(II) complex, Cu(II)-N bond and Cu(II)-O bond distances were restrained by 2.0-2.5 A ( Figure S1 ). The complex of the lowest-energy conformation of the aza-chalcone and the DNA metalloenzyme was minimized using the Amber force field. During the energy minimization, DNA residues (including backbone) were allowed to move freely. The low-energy conformer of aza-chalcone 1 was treated as "frozen atoms". Figure S8 . Proposed structures of the DNA metalloenzyme by energy minimization using the Amber force field. DNA metalloenzymes based on a) ODN8/ODN15 (entry 8
in Table 1 ), b) 3ʹ′-GTGGCAT-5ʹ′, 3ʹ′-AGTACGA-5ʹ′/5ʹ′-CACCGTACTCATGCT-3ʹ′ (entry 2 in Table 3 ). The color of the molecular surface represents the lipophilicity (pink, hydrophilic; white, neutral; light green, lipophilic). Three nucleobases (-ACT-) in catalytic site are simplified for clarity.
(a) (b) Figure S9 . Proposed molecular models of DNA metalloenzymes and aza-chalcone by energy minimization with the Amber force field. DNA metalloenzymes based on ODN8/ODN15 (entry 8 in Table 1 ). The color of molecular surface represents the lipophilicity (pink, hydrophilic; white, neutral; light green, lipophilic). Three nucleobases (-ACT-) in catalytic site are simplified for clarity.
